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1. Background

The formation of hierarchically ordered arrays of
spherical cavities on polymer films is of interest due
to potential applications in the preparation of
photonic bandgap materials, environmental sen-
sors, and patterned light emitting diodes (LED).
While many methods are known for the prepara-
tion of these porous materials, the breath figure
approach has received significant scrutiny because
of the simple and robust mechanism of pattern
formation.! Breath figures are patterned arrays of
micrometer-sized defects in a polymer film, formed
when water droplets condensed onto a polymer
solution surface during film drying. By controlling
variables such as relative humidity and solvent, the
feature size and uniformity of the resultant pattern
can be controlled. The breath figure approach is
valuable because it provides the advantages of
large area ordering in the nano and micrometer re-
gime, is versatile, and inexpensive.

The process is driven by the evaporation of an ap-
propriate solvent under humid conditions, leading
to a decrease in temperature at the air-liquid inter-
face, resulting in water condensation.2 The drop-
wise condensation proceeds according to several
steps shown in Figure 1. The first stage involves
nucleation of the water droplets on the polymer
solution surface. During the second stage, the drop-
lets become larger and coalesce to minimize interfa-
cial energy differences, resulting in pattern forma-
tion. With properly controlled conditions, a
subsequent ordering of the droplets into a hexago-
nal lattice is observed.? The temperature difference
between the surface and the ambient conditions is
minimized once the surface of the film is covered
with water droplets. At this stage, the water drop-
lets sink into the solution (depending upon solution
density). Upon complete evaporation of the sol-
vent, the pattern of the droplets generated in the
polymer matrix is preserved as a hexagonally or-
dered array of pores with a honeycomb structure.>
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Figure 1: Schematic of breath figure formation®

The self assembly of regular arrays of nano and mi-
croscale pores in polymer matrices generated using
the breath figure technique will be discussed. Ex-
perimental parameters to vary the size, spacing,
organization, and long range order of these self or-
ganizing surfaces will be discussed. Utilizing these
regular arrays of pores as templates we have pat-
terned analogous arrays of pillars (inverse pores)
from a polymer film cast onto the patterned surface.
These micro/nano-textured surfaces have enhanced
the hydrophobicity of the textured polymer when
measured by contact angle. This method of pro-
ducing ultra-hydrophobic textured surfaces should
be amenable to high throughput, low cost manufac-
turing of myriad polymeric surfaces.

2. Experimental Procedure

21 Materials and Instrumentation

Polystyrene with a series of molecular weights (My
= 10kDa, 19.8kDa, 51kDa, 97kDa, 160kDa, 411kDa
and 670kDa, polydispersity index (PDI) = 1.06 for
all the polymers) were purchased from Pressure
Chemical Company. In addition, monocarboxy and
dicarboxy terminated polystyrenes with a series of
molecular weights (M, = 50kDa, 100kDa, 150kDa
and 200kDa) were purchased from Scientific Poly-
mer Products. These materials were used to form
the breath figure pores.

In order to prepare the array of pillars two different
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silicone rubbers were evaluated. A high viscosity,
opaque rubber was obtained from Dow Corning
3120 RTV Silicone Rubber; GE Silicones provided a
clear, low viscosity resin, RTV615.

Atomic Force Microscopy (AFM) images were ob-
tained on a Dimension 3100 AFM equipped with a
Nanoscope® IV scanning probe microscope con-
troller. Laser scanning confocal micrographs were
taken with a Zeiss Pascal 5 confocal microscope
equipped with two helium lasers and a multiwave-
length Argon laser. SEM was performed using a
Hitachi S-4700 instrument equipped with a field-
emission cathode.

2.2  Breath Figure Formation

Two methods were utilized to form the breath fig-
ures. In the first set up, a humidity chamber was
created using a plastic desiccator with a nitrogen
inlet and outlet. To achieve a relative humidity of
65 - 80 %, a saturated sodium chloride salt solution
covered with parafilm® wrap was placed in the
chamber at ambient temperature. A 20 mL dispos-
able syringe barrel was inverted and used to bubble
nitrogen gas through the saturated salt solution at a
controlled rate. The relative humidity was meas-
ured with a digital Dickson hygrometer and could
be controlled by changing the gas velocity. The
polymer solutions (1.0-10.0 wt %) were prepared by
weighing the required amount of PS into a sample
vial and dissolving it in dry CH>Cl,. The substrate,
a Dupont Kapton® polyimide film (thickness 127
pm) was cut to the required size, rinsed twice with
ethanol and dried with nitrogen. The film was
ozone treated for 20 seconds, taped to a standard
glass microscope slide and then placed in the hu-
midity chamber. A 1.0 mL drop of the polystyrene
solution was placed on the substrate in the humid-
ity-controlled chamber, and the solvent was al-
lowed to evaporate at room temperature at the re-
quired relative humidity.

In the second set up, a Caron Environmental
Chamber was used to electronically set the relative
humidity, with the temperature kept near ambient
conditions.  For better adhesion, the glass micro-
scope slide substrate was passed through a flame to
burn off contaminants.  The slides were then
soaked for 1 hour in a 1% propyltrimethoxy silane
solution in 90% (v/v) ethanol and water solution
with a pH of 4.5. After rinsing with ethanol, the
slides were dried at 70 °C. A 70 pL drop of the
polystyrene solution, prepared as described above,

was placed on the substrate in a mostly closed glass
Petri dish in the chamber.

2.3 Silicone Rubber Pillar Formation

In order to prepare the array of pillars two different
silicone rubbers were evaluated. Both systems re-
quired the mixing of a 10:1 mixture of silicone rub-
ber pre-polymer and catalyst. After thorough mix-
ing, the resin was degassed under vacuum for 20
minutes. The silicone resin was then coated via
pipette on the PS breath figures. The samples were
subsequently cured in an oven at 60 °C for 16h.
Selected samples were post-cured at 120-130 °C for
4 hours. After curing, the samples were cooled to
room temperature and then cut into 2 equal por-
tions. One sample was developed (removed from
the PS-breath figure substrate) by dissolution, the
other by mechanical separation. For the dissolution
route, THF was used to selectively dissolve the PS
breath figure leaving behind an array of pillars.
The mechanical separation entailed the peeling-
apart of the PS and silicone rubber films. While the
mechanical method was faster, some level of sur-
face damage was observed due to strong physisorp-
tion. For the monocarboxy and dicarboxy termi-
nated polystyrenes, mechanical separation of the
films was not possible due to the strong adhesion
between the two polymers.

3 Results and Discussion

3.1 Effect of molecular weight on breath figure
formation

A 7 wt % polystyrene (PS) solution was prepared in
CH-Cl; for four different molecular weights: 10kDa,
19.8kDa, 51kDa, and 160kDa in CH,Cl,. A 1.0 mL
drop of each solution was deposited on ozone-
treated Kapton films in a humidity chamber at 72%
relative humidity with constant nitrogen flow. The
surface of the polymer solutions became turbid,
indicating breath figure formation. Figure 2 shows
the optical micrographs of the breath figures gener-
ated from various molecular weight PS solutions
under the same conditions. The morphologies of
the five films were significantly different, confirm-
ing molecular weight as a key parameter influenc-
ing pattern formation. For the 10kDa film, the
edges of the film scattered light (i.e. appeared tur-
bid) while the central area remained clear. The op-
tical micrograph for this film (not shown) estab-
lished the presence of a few pores on the outskirts
of the film and not on the remaining parts. In the



case of the 20kDa PS film, pores were observed uni-
formly across the surface but the order was con-
fined to several small domains. Highly ordered
pores were obtained for PS with a molecular weight
of 51kDa as can be seen in Figure 2 (center image).
The pores in the 160kDa film were disordered. Ex-
amination of the 51kDa film using laser scanning
confocal microscopy (Figure 3) also confirmed the
hexagonally packed highly ordered honeycomb
structures of the 51kDa PS.

Atomic force microscopy (AFM) images confirmed
the optical microscope observations as shown in
Figure 4. The number-average diameter (D,) and
depth of the pores for the various molecular
weights were determined by AFM and are summa-
rized in Table 1. Please note that depth and diame-
ter measurements of the formed pores may be af-
fected by the AFM tip geometry and will be further
verified by confocal microscopy.

Figure 2: Optical micrographs of variable molecular
weight PS breath figures formed in CH,ClI, (7 wt %) at
72 % relative humidity from left to right: 20, 51, 160
kDa polystyrene.

L
G
e 0

i
i

: :'-_Z'-Z: ;-"E ; (
BiSEis e

Figure 3: A series of confocal laser micrographs of PS
51k breath figures formed in CH,Cl, (7 wt %) at 73 %
relative humidity. (A) Low magnification (10x, 921 pm x
921 pm at a wavelength of 458 nm), (B) medium magni-
fication (20x, 461 um x 461 pum at a wavelength of 633
nm), (C) high magnification (50x, 184 um x 184 ym at a
wavelength of 458 nm).
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Figure 4: AFM images of different molecular weight PS
breath figures formed in CH,Cl, (7 wt %) at 72 % rela-
tive humidity.



Table 2: Average diameter and depth of PS pores as a
function of molecular weight at 62% relative humidity
measured by an optical microscope.

Molecular | Diameter Depth Interval
Weight
g/mole pm pm pm
10 23+0.3 1.3+0.2 1.2+01
20 25+0.2 22+0.2 1.3+0.1
51 34+07 05+0.1 16+04
160 49+12 12+0.2 84+14

Table 1: Average diameter and depth of PS pores as a
function of molecular weight at 72 % R.H measured via
AFM.

The effects of molecular weight variation were also
examined in the Caron Humidity Chamber using 1
wt% solutions of polystyrene with weights of
19.8kDa, 51kDa, 97kDa, 160kDa, 411kDa and
670kDa dissolved in CH2xCl,. A 70 uL drop of solu-
tion was placed on the silanized glass slide at 62%
relative humidity and the solvent was allowed to
evaporate. Table 2 shows the pore diameter and
interval between pores. In this experiment, it was
evident that increasing the molecular weight be-
yond 160kDa yielded large gains in the pore size
and spacing. Figure 5 displays optical images of
select molecular weight polystyrenes. As the pore
size increased for higher molecular weights, the
array became more disordered.

Molecular Pore Diameter [Interval
eight um um

kDa

19.8 4.3 +0.7 1.6+0.3
51 4.1 +0.6 1.6+0.6
97 2.4+0.3 0.8 +0.3
160 4.2 +0.5 1.2+04
411 11.8+1.2 3.6+0.7
670 13.4+3.5 5.2+1.4

Figure 5: Optical images of different molecular weight
PS breath figures formed in CH,CI, (1 wt %) at 62 %
relative humidity. Scale bar is 20 pm.

The influence of molecular weight upon breath fig-
ure formation is related to the viscosity of the
polymer in solution. A low molecular weight
polymer exhibits a low solution viscosity, permit-
ting the coalescence of water droplets® by transla-
tional diffusion. This can result in disordered arrays
of pores during breath figure formation. On the
other hand, a very high molecular weight PS exhib-
its a high solution viscosity; as such the water drop-
lets are not able to diffuse across the surface, lead-
ing to fewer pores in the films (Figure 3). The
results obtained for the 10k film were different from
those expected for a low molecular weight sample,
as only a few ordered pores were observed. This
result can be attributed to the use of CHCl, in the
film preparation, compared to CHCl; and toluene
used in other published works.6 The higher vapor
pressure of CH>Cl> combined with the low molecu-
lar weight allowed for faster evaporation in the 10k
PS film. As a consequence, low overall viscosity of
the 10 k sample resulted in preservation of the
breath figure only at the edges that possess poor
organization.

3.2 Effect of concentration on breath figure
formation

As mentioned, the viscosity of the polymer solution
plays an important role in the formation of regular
breath figures. In this experiment, a series of PS



solutions (160k) ranging from 1.0 to 7.0 wt % were
prepared and studied at 72 % R. H. (Figure 6).
Highly ordered pores with monodisperse pore di-
mensions were observed for the 1.0 wt % PS film
while the pores became more disorganized with
increasing concentration. An increase in concentra-
tion was accompanied by an increase in pore size
polydispersity, leading to defects in the array for-
mation (observed for the 7 wt % film in Figure 6).
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Figure 6: AFM images of PS (160 kg/mole) breath fig-
ures formed in CH,Cl, at different concentrations and
72% relative humidity.

From the summarized results in Table 3, it is evi-
dent that the pore sizes became larger and more
irregular as the concentration increased from 1.0 to
7.0 wt %. The average interval between adjacent
pores was found to increase from 2.3 + 0.4 pm to 9.5
+1.0.

3.3 Effect of humidity level on breath figure
formation

In Figure 7, the effect of humidity on breath figure
formation in CH>Cl, was studied for 20k and 51k PS
solutions at 68 % and 72 % RH. At 68 % R.H,,
highly disordered pores with several defects were
observed in the 20k PS film (Figure 7a). For a 51k
solution under the same conditions, smaller pockets
of ordered structures were obtained with a reduced
number of defects as shown by the optical micro-
graph in Figure 7b. An increase in the humidity
level from 68 % to 72 % produced significant im-
provement of the morphology of two films as can
be seen in Figure 6c and Figure 7d.

Concentration | Diameter Depth Interval
wt% pm pm pm

1.0 41+03 3.1+02 23+04

3.0 6.0+0.6 28+05 50+04

5.0 6.6 +0.7 41+0.6 50+0.9

7.0 59+16 3.7+038 95+1.0

Table 3: Average diameter and depth of PS pores as a
function of concentration at 72 % R.H measured by
AFM.

Complete suppression of the defects was observed.
Increasing the humidity level directly increased the
pore sizes. At low humidity levels (< 40 % R.H.), no
breath figures are observed; at very high humidity
levels (> 90 %), the rapidly condensing water drop-
lets lead to coalescence of the droplets, subse-
quently resulting in disordered pattern formation
and significant increases in the pore dimensions?s.
Table 4 displays the results for a 3 wt% 160k poly-
styrene solution in CH,Cl,. Although there was not
strong correlation, the pore diameter, in general,
increased with humidity.

Relative Hu- Pore Diame- Interval
midity ter pm

% pm
45 2.0+0.5 22+0.9
50 22+02 1.7+0.3
55 24+02 20+05
60 31+0.7 23+1.0
65 3.6+04 24+1.1
70 2.7+05 1.6+ 0.6
75 29+04 12+0.5
80 3.9+0.7 21+0.7
85 40+0.9 22+0.7
90 53+1.0 26+0.8

Table 4: Average diameter and interval of 3 wt% 160kDa
PS pores as a function of humidity measured by an opti-
cal microscope.
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Figure 7: Optical micrographs of PS breath figures (7 wt
%) formed in CH,Cl, at different humidity levels: (a) and
(b) are 20k and 51k PS formed at 68 % R.H respectively
while c and d are 20k and 51k formed at 72 % R.H re-
spectively.

4 Templating from Breath Figures

There has been an increase in the amount of re-
search focused on the formation of organized arrays
of silicon pillars.® Tailored surface morphology
allows control over wetting characteristics and op-
tical appearance (e.g. matte vs. glossy). As an ex-
ample, ultra-hydrophobic surfaces were developed
from electron beam defined arrays of micron sized
pillars.® Arrays of softer materials, such as high-
aspect ratio polymer fibers, have been implemented
in a biomimetic fashion to prepare non sticky adhe-
sives, mimicking the morphology found on a
gecko’s foot pad.10

Breath figure arrays such as those described in the
last section, were used as templates in an effort to
generate micrometer-sized silicone rubber pillars,
which may possess some properties analogous to
those described above. The pillars were obtained
by infiltrating the PS breath figures with two types
of silicone rubber, crosslinking the rubber and then
removing the PS template by peeling the layers
apart or by dissolving the PS in THF. Figure 8 de-
picts pillars formed by coating silicone rubber on
disordered (a) and ordered (b) breath figure tem-
plates. The average diameter of the ordered array
of pillars (Figure 8b) was 4.5 £ 0.2 pm with a height

of about 1.0 pm (removed by peeling).

Figure 8: 3-D AFM images of silicon pillars formed on
breath figure template. In (a), the silicon rubber was
crosslinked on a 51k PS breath figure film formed in an
uncontrolled environment while for (b), it was
crosslinked on a PS film of the same molecular formed
in a humidity chamber at 73 % R.H.

In Figure 9 and Figure 10, the AFM images of sili-
cone pillars formed by coating the PS pores with a
colorless low viscosity rubber (GE Silicones RTV
615) (Figure 9c) and a red, highly viscous (Figure
10c) silicone rubber (Dow Corning 3120 RTV) are
shown with the their corresponding breath figure
templates and optical micrographs (removed by

peeling).

In Figure 9a, the average pore diameter and depth
were 4.4 + 0.1 pm and 3.0 + 0.3 pm respectively. On
the other hand, the corresponding pillar diameter
and depth (Figure 9c) were 10.6 + 0.3 pm and 3.7%
0.4 pm respectively. The increase in the pore di-
mensions can be attributed to swelling of the
crosslinked pillars as a result of residual solvent
since they were developed in THF and dried at 40
°C for 2 days. Similar results were obtained for the
pillars formed with the highly viscous silicone rub-
ber (Figure 10).

Figure 9: AFM and optical images of silicone pillars (GE
Silicones RTV 615 silicon rubber) a) 3-D AFM image of



the breath figure template before coating, b) optical mi-
crograph of the pillars, ¢) 3-D AFM image of the pillars.

Figure 10: AFM images of silicone pillars (Dow Corning
3120 RTV silicon rubber) a) the breath figure template
before coating, b) optical micrograph of the pillars, ¢)
atomic force micrograph of the pillars.

The average pore diameter and depth were 5.7 + 0.2
pm and 3.5 £ 0.6 pm respectively (Figure 10a) while
the pillar diameter and height were 6.5 1.1 pm
and 3.9 + 0.6 pm respectively

Figure 11a and Figure 11b show optical and AFM
images of typical defects that were observed during
the silicone pillar formation. These clusters of pil-
lars were observed when the high viscosity silicon
rubber (Dow Corning 3120 RTV) was crosslinked
without proper degassing. Such clusters were not
observed with the low viscosity rubber (GE Sili-
cones RTV615). In Figure 11c, the AFM image of
pillars that were obtained by improperly peeling off
the polystyrene template is shown. Red silicone
rubber was observed on the PS template after peel-
ing, signifying cohesive failure. Figure 12 demon-
strated the effect of micro patterning through
breath figure templating on polymer surface mor-
phology This micro -texturing of the surface has
enhanced the hydrophobicity of the polymer when
measured by contact angle.

Figure 11: Typical defects observed in silicone pillar
formation a) optical micrograph of a cluster of pillars and
b) the corresponding AFM image ¢) AFM image ob-
tained after pillars were improperly peeled.

5 Conclusions and Discussion

Obtaining uniformly distributed arrays of pores
was difficult to accomplish with the linear polysty-
rene standards dissolved in an extremely volatile
solvent (methylene chloride). The vapor pressure
of the solvent affects evaporation rate, and thus the
rate of the breath figure formation. A fast evapora-
tion induces a large perturbation of the system and
the solvent can disappear before the drops form
regular packing, resulting in defects in the array.
Other less volatile solvents such as chloroform,
benzene and toluene were evaluated, but uniform
breath figure formation was not observed. Casting
a smaller droplet of solution in a mostly closed Petri
dish slowed the evaporation rate and helped con-
trol the film thickness and uniformity.

Figure 12: Contact angle measurement (Goniometer)
Left: Cured Si rubber (Control) Advancing CA = 100°,



Receding = 90° Right: Cured Si rubber with pillars CA =
135° Receding = 127°

In addition, monocarboxy and dicarboxy termi-
nated polystyrenes were examined. These poly-
mers, when dissolved in methylene chloride, gave
much more reproducible films with uniformly pat-
terned areas on the cm? range. Magnifications of a
100 kDa monocarboxy terminated film are dis-
played in Figure 13. Figure 14 shows a Fourier
Transformation of the breath figure array, and the
hexagonal shape of the transform is indicative of
the ordered packing of the BF structures.

Figure 13: A series of optical micrographs of monocar-
boxy terminated PS breath figures formed in CH,CI, (1
wt %) at 78 % relative humidity.

Figure 14: Forward Fourier Transformation of 1 wt%
monocarboxy terminated polystyrene.

In summary, the effect of polymer molecular
weight, solution viscosity, concentration, and rela-
tive humidity on the formation of ordered arrays of
hexagonal pores were examined in CH,Cl,. Mo-
lecular weight was shown to strongly influence the
formation of the ordered pores. Polystyrene with a
low molecular weight (10kDa) resulted in the for-

mation of only a few pores while a high molecular
weight resulted in the formation of disordered and
highly polydispersed structures. 7 wt % solution
concentrations led to the formation of disorganized
and polydisperse pore sizes while highly ordered
hexagonally packed monodisperse pores with large
area ordering was observed for 1.0 to 3 wt % poly-
styrene solutions with a molecular weight of
160kDa, as well as the mono and dicarboxy termi-
nated polystyrenes. A linear correlation was ob-
served between humidity levels and the ordering of
the pores. Highly ordered arrays of silicone rubber
pillars were also obtained by using the PS breath
figures as templates. These micro -textured surfaces
greatly enhanced the hydrophobicity of the poly-
mer when measured by contact angle. This method
of producing ultra-hydrophobic textured surfaces
should be amenable to high throughput, low cost
manufacturing of myriad polymeric surfaces.
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